A reactivity control method was proposed for a boiling water reactor (BWR) fuel bundle, which has a potential for higher burnup with an increase in fuel enrichment.
A reactivity control method was proposed for a boiling water reactor (BWR) fuel bundle, which has a potential for higher burnup with an increase in fuel enrichment.
The new method optimized the distribution and amount of nonboiling water area in a fuel bundle in order to enhance the reactivity control capacity.
Using the method, a 9x9 lattice fuel bundle with a small-sized channel box, large-sized water rods and a reduced fuel rod diameter was proposed for the discharged burnup of 70 GWd/t and the operational cycle length of 18 months. The core, which consists of the proposed fuel bundles with the bundle-averaged enrichment of 5.8% and includes other modifications concerning a neutron low leakage loading pattern, natural uranium axial blankets, and spectral shift with recirculation flow control, has a cold shutdown margin greater than the design limit (1%Dk) with minimum fuel bundle shuffling. Further, it has potentials for natural uranium savings of about 20% per unit power and reduction in the amount of reprocessing of about 60% per unit power, compared with current BWR designs. KEYWORDS The present operational performance of fuel bundles loaded in existing LWRs is generally satisfactory, but their improved efficiency is desirable, as a means to reduce power costs of existing LWRs.
Plant cost which accounts for the greater part of power costs is reduced by an increased capacity factor. We investigated two different approaches for improvement of the capacity factor in BWRs, namely, simplification of reactor operation and an extension of the operational cycle length. The former was realized by a new BWR core design concept(1)~(5), which is a combination of fuel bundles with axial enrichment difference(2) and control cells (6) . This core concept offers the simplified reactor operation(4)(5) through no shallow control rod insertion and minimization of fuel bundle shuffling, control rod pattern swaps. The capacity factor is increased by reduction of the periodical inspection periods because of minimum shuffling and the number of control rod pattern exchange.
On the other hand, extending burnup with an increased fuel enrichment was effective for the latter approach (7) 
II. REACTIVITY CONTROL METH-

OD FOR EXTENDED BURNUP
Some adverse effects resulting from extended burnup are as follows :
(1) Pellet-cladding mechanical interaction becomes stronger due to the increased amount of fuel swelling. (2) The fission product gas pressure inside the fuel rod becomes higher. (3) Thermal design margin decreases due to the increased power mismatch. (4) The amount of reactivity needed for control increases. To overcome them, we proposed a new design concept (9) , which consists of three countermeasures. In order to improve fuel mechanical and thermal-hydraulic characteristics, the following two countermeasures were adopted :
(1) Reduction in maximum fuel temperature by reducing the core-averaged linear heat generation rate. (2) Reduction in heat flux by increasing the heat transfer area. A third countermeasure of an increase in the moderator-to-fuel ratio was also put forth to prevent changes in neutronic characteristics.
Reactivity required for control in LWRs is divided into two classes : burnup reactivity which is needed to continue reactor operation during one cycle length and cold shutdown reactivity which is caused by the change from operating condition to cold condition. In BWRs, the former is controlled mainly by burnable poison and recirculation flow control, and the latter is controlled by control rods. Generally burnup reactivity increases as an operational cycle length and burnup are extended. On the other hand, cold shutdown reactivity is closely related to numerous reactivity coefficients : void coefficient, Doppler coefficient, control rod worth, etc. Transient characteristics and stability are affected by these reactivity coefficients. Therefore, considering fuel bundles backfittable to existing BWRs, it is necessary that the extended burnup fuel bundles have the same reactivity coefficients and cold shutdown reactivity as the current fuel bundle designs. Table 1 summarizes effects in neutronic characteristics affected by increasing the bundle-averaged enrichment from 3.0 to 6.0w/0. Values for a bundle-averaged enrichment of 3.0w/0 are taken as the current values. Fuel bundles of two different fuel enrichments have the same geometric dimensions of the current 8x8 lattice fuel bundle shown in Fig. 1 . Neutronic characteristics were evaluated for each fuel bundle with exposure at k_oo ?? 1.05 and void fraction of 40%. Each exposure and void fraction used for evaluation stand for the core-averaged values. The absolute value of the void coefficient and cold shutdown (1) Minimizing the reduction in the fuel inventory.
Since the reduction in fuel inventory, in general, causes an increased number of reload fuel bundles in batches, this requirement is necessary from the view point of improving fuel utilization.
(2) Keeping the same coolant water area in the channel box as the current BWR fuel bundle, from consideration of the flow pressure drop and coolant capacity. To realize these requirements, a new 9x9 lattice fuel bundle is proposed in place of the current 8x8 lattice fuel bundle. The proposed fuel bundle is characterized by a small-sized channel box, large-sized water rods and a reduced fuel rod diameter, in order to increase the nonboiling water area inside and outside the channel box. Fig. 2(a) ,(b) Effect of nonboiling water area on cold shutdown reactivity and void coefficient channel box was realizd by replacing the fuel rods in the bundle center region by the water rods shown in Fig. 1 . In order to keep the same fuel inventory, the fuel rod diameters were increased with these changes.
On the other hand, increasing the gap water area was realized by decreasing the outer width of the channel box shown in Fig. 1 . In order to keep the same ratio of fuel rod-to-fuel rod clearance to fuel rod-to-channel box clearance, fuel rod pitches were decreased with these changes.
As may be seen from Fig. 2(a) 
III. FUEL BUNDLE NUCLEAR DESIGNS AND CORE PER-FORMANCE EVALUATIONS
Fuel bundle nuclear designs based on the proposed method are performed for BWR cores with an electric power of 1,100 MW and core performance is analyzed. The main core parameters are listed in Table 2 . The design targets of the core are as follows :
(1) A backfit to existing BWR cores is made with no modifications to other components in the core. (2) The operational cycle length is extended from 12 to 18 months. (3) A four-batch loading strategy(2) is adopted for the nonperipheral region of core in order to improve fuel utilization.
No fuel bundle shuffling is a fundamental rule, except in the peripheral region, where the fifth-cycle fuel bundles are moved from the center region of core. This loading strategy is achieved by extending the discharged burnup to 70 GWd/t. First, the numerical evaluation methods used in the fuel bundle nuclear designs and core performance evaluations are described briefly.
For fuel bundle nuclear designs, a two-dimensional infinite lattice transportdiffusion theory code with the ENDF/B-IV nuclear library data is used, which generates nuclear cross-section data for fuel bundles as a function of void fraction and exposure. For core performance evaluations, a three-dimensional coupled nuclear-thermal-hydraulic core simulator code is used. Numerical accuracies of these codes were tested and verified in comparison with experimental and operating plant data.
Fuel Bundle Nuclear Designs
To extend the discharged burnup to 70
GWd/t, which is 2.5 times higher than the current design of 28 GWd/t, a higher bundleaveraged enrichment of about 6w/0 is required.
The two solid lines for given water rod areas shown in Fig. 4 describe the relation between the fuel inventory and the outer width of the channel box under the condition of the same cold shutdown reactivity at higher enrichment as the current value shown in Table 1 . One line is for the water rod area of 9 cm2 and the other, for 17 cm2. These areas correspond to a number of unit cells of 5 and 9 for a 9x9 lattice bundle, respectively. The fuel inventory of the current fuel bundle shown in Fig. 1 is chosen as the standard value in Fig. 4 . Each solid line shown in Fig. 4 was obtained for a 9x9 lattice fuel bundle with the bundle-averaged enrichment of 6.0w/0. The fuel inventory which satisfies the required condition of cold shutdown reactivity was evaluated for various channel box outer widths. Regulation of the fuel inventory was realized by changing the fuel rod diameter. To put it concretely, increasing the channel box outer width for a given water rod area results in smaller cold shutdown reactivity as can be understood from Fig. 2(a) . In order to maintain the cold shutdown reactivity, this should be overcome by employing smaller fuel rod diameter, that is, the decrease of fuel inventory.
On the other hand, the shaded region in Fig. 4 shows the target condition, that is, the coolant water area of the proposed fuel bundle is larger than that of the current fuel bundle.
The point A in Fig. 4 Table  3 , compared with those of the current fuel bundle shown in Fig. 1 .
The resulting outer width of the channel box is about 1% narrower than that of the A cold shutdown margin of more than the design limit (1%Dk) is attained by this new core during the operational cycle. The maximum linear heat-generation rate (MLHGR) during the operational cycle length is shown in Fig. 7 . The new core design has about a 10% MLHGR margin from the operating limit of 44.0 kW/m by adoption of the 9x9 lattice fuel bundle.
The new core has a potential for natural uranium savings and reduction in the amount of reprocessing by about 20 and 60% per unit power, respectively, compared with the current core with an operational cycle length of 12 months which is loaded with current fuel bundles having a bundle-averaged enrichment of 3.0w/0 and discharged burnup of 28 GWd/t.
IV. CONCLUSION
A BWR fuel bundle design concept for extended burnup, which has a potential for natural uranium savings and reduction in the amount of reprocessing, was established on the basis of a new control method for cold shutdown reactivity. The method is characterized as follows :
(1) Increase in the amounts of nonboiling water area inside and outside the channel box in order to increase the moderator-tofuel ratio. (2) Optimum distribution of nonboiling water area to minimize the reduction of the fuel inventory. To realize the concept and overcome changes in the fuel and thermal-hydraulic characteristics due to higher burnup, a 9x9 lattice fuel bundle with a small-sized channel box, largesized water rods and a reduced fuel rod diameter was proposed.
The fuel bundle with bundle-averaged enrichment of 5.8w/0 was designed for the discharged burnup of 70 GWd/t and the operational cycle length of 18 months. The outer width of the channel box was about 1% narrower than that of the current fuel bundle. As a result, the cold shutdown reactivity (reactivity change from 40% void operating condition to cold condition) and the void coefficient of the proposed fuel bundles were comparable to the current value, and the proposed design offered advantage in its ability to be backfitted to existing BWR cores.
Further, it was shown that the core, which consists of the proposed fuel bundles and includes other modifications concerning a neutron (1) A cold shutdown margin greater than the design limit was obtained with minimum fuel bundle shufflings.
(2) Natural uranium savings and reduction in the amount of reprocessing were about 20 and 60% per unit power, respectively.
The proposed fuel bundle design concepts are applicable to BWR plants of any power level or power density.
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